Cross-reactivity of pneumococcal capsular polysaccharides is a key element for formulating pneumococcal vaccines and evaluating vaccine efficacy. This study examined whether 23-valent pneumococcal polysaccharide vaccine (PPSV23), which only contains 6B, can elicit cross-functional immune responses against recently discovered serotypes (6C and 6D), as well as against 6A, in 2 adult age groups.
Introduction
Streptococcus pneumoniae is an important disease agent with high morbidity and mortality among older adults worldwide. To date, nearly 100 serotypes have been identified through the differing antigenic properties of capsular polysaccharides, a major virulence factor of pneumococci. [1, 2] To provide protection against the majority of pneumococcal infections, a 14-valent capsular polysaccharide vaccine was developed in 1977 using serotype 6A (representing serogroup 6). [3] After more epidemiologic information became available, the formulation was changed to 23-valent pneumococcal polysaccharide vaccine (PPSV23), which uses serotype 6B; 6B is as prominent as 6A, induces considerable cross-reactive immunogenicity to 6A, and is also more structurally stable. [4] Within the past few decades, 2 novel serogroup 6 members-6C and 6D-have been identified [5] [6] [7] that differ serologically, genetically, and biochemically from 6A and 6B. [7, 8] Of the new serotypes, 6C was initially considered uncommon among both invasive and colonizing isolates, [9] but its prevalence has increased in some countries after the introduction of 7-valent pneumococcal conjugate vaccine (PCV7). [8, [10] [11] [12] Serotype 6D was primarily isolated from nasopharynx and remains fairly rare. [13, 14] However, some isolates have been reported from invasive diseases, and multidrug-resistant strains exist. [15, 16] Both PPSV23 and 13-valent pneumococcal conjugate vaccine (PCV13) are currently used for the prevention of pneumococcal diseases in adults, but the former's wider serotype coverage and lower cost makes it a more attractive option for routine immunization in the elderly. Therefore, considerable interest exists regarding whether PPSV23 can elicit cross-functional immune responses against 6C and 6D, as it does against 6A. To date, only 1 study has addressed this issue and found that PPSV23 failed to induce sufficient levels of functional antibodies to 6C in the elderly. [17] No similar study is available for 6D. Furthermore, no prior work has evaluated the effect of age on PPSV23's ability to elicit cross-reactivity. Thus, in this study, we assessed PPSV23-induced cross-functional immune responses to 6A, 6C, and 6D in adults of various age groups.
Methods

Subjects
Demographic characteristics of the study subjects are summarized in Table 1 . The study enrolled 88 subjects split into 2 groups: healthy, 25-to 51-year-old young adults and elderly individuals over 65 years. Exclusion criteria were immunecompromising conditions such as HIV infection, leukemia, generalized malignancy, chronic renal failure, primary or acquired immunodeficiency, diseases requiring immunosuppressive-drug treatments (including systemic corticosteroids or radiation therapy), functional or anatomic asplenia, cerebrospinal fluid leaks or cochlear implants, a history of vaccine hypersensitivity, any coagulation disorder, and a history of antibiotic use within a week. We were unable to exclude elderly subjects with preexisting but stable health conditions (e.g., well controlled diabetes mellitus, cardiovascular disease, pulmonary disease, and liver cirrhosis) because these diseases are prevalent at high percentages in this population. None of the subjects had received PPSV23 or PCV13 before this experiment. Immunization history for other vaccines (e.g., influenza) was not collected. Both sexes were well represented in each group, and sex ratios did not differ significantly between groups. 
Study design
Multiplexed opsonophagocytic assay for immunogenicity assessment
Following previously described methods, [18] multiplexed opsonophagocytic assay was performed for 4 serotypes (6B, 6A, 6C, and 6D). First, HL-60 cells were differentiated into granulocytes through a 4-to 5-day culture in RPMI 1640 (Welgene, Daegu, South Korea) with 10% fetal bovine serum and 0.8% dimethylformamide. After differentiation, HL-60 cells were diluted to 10 7 cells/mL in Hanks' buffer, containing 0.1% gelatin and 5% fetal bovine serum. All serum samples were diluted in the same buffer.
Each pneumococcal serotype used in this experiment possessed derived or naturally acquired resistance to 1 of 4 antibiotics (optochin, streptomycin, spectinomycin, and trimethoprim) and susceptibility to the other 3. Their antibiotic resistance and sensitivity were monitored periodically because these properties are key to obtaining serotype-specific results in our assay.
Equal volumes of the 4 bacterial suspensions were then pooled. Serum samples were tested at an initial dilution of 1:2. Serially 3-fold diluted serum (20 mL) was mixed with 10 mL of pneumococcal suspension containing 2000 CFU in each well of a 96-well microtiter plate. After 30 minutes of shaking incubation at room temperature, 40 mL of HL-60 cell suspension (4 Â 10 5 cells per well) and 10 mL of baby rabbit complement (Pel-Freez, Brown Deer, WI) were added to each well. Plates were incubated again in a tissue culture incubator (37°C, 5% CO2) with shaking for 45 minutes.
An aliquot of the final reaction mixture (10 mL) was spotted onto 4 Todd-Hewitt agar yeast extract plates. After the fluid was absorbed into the agar, each plate was overlaid with molten Todd-Hewitt agar (0.75%) containing yeast extract, 1 of the 4 antibiotics, and 100 mg/L of 2,3,5-triphenyltetrazolium chloride. The inclusion of 1 antibiotic in the overlay agar ensured that among the 4 pneumococcal serotypes, only target bacteria resistant to that antibiotic were able to grow. After overnight incubation in a candle jar at 37°C, the bacterial colonies on the agar plates were counted using National Institute of Standards and Technology, US's Integrated Colony Enumerator. The opsonic indices (OIs) were determined with linear interpolation and defined as the serum dilution that killed 50% of total bacteria.
Statistical analysis
Geometric mean opsonic indices (GMIs) were calculated for each pneumococcal serotype in both groups, and 2-sided 95% confidence intervals were determined. A Friedman test with post hoc Wilcoxon signed-rank tests was used to look for significant differences between the serotypes. We assessed immune response to PPSV23 using seropositive rates and the proportion of subjects with at least a 4-fold increase in OI. Currently, no standard threshold for seropositive rates in adults exists. However, in children, an OI of 8 is the confirmed protective standard for invasive pneumococcal infection, whereas a previous study had used 64 as a threshold in adults. [19] Therefore, we applied both thresholds for seropositive rates in this study. Percentage of ≥4-fold OI increases was calculated to evaluate seroresponse, as this measure is especially reliable in subjects with positive preimmunization OI. For related proportions, Cochran Q test and McNemar test were used. Adjustments for multiple comparisons were made with the Bonferroni method. The percentage of participants that achieved a particular OI for each serotype was represented using reverse cumulative distribution curves (RCDC). Overall significance was set at P < 0.05. All Table 1 Demographic characteristics of the participants.
Characteristic
Young adults (N = 28) Elderly (N = 60) 
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Medicine analyses were performed in SPSS (version 23.0; IBM Corp., New York, NY).
Ethical considerations
The study protocol was reviewed and approved by the Institutional Review Board of Ewha Womans University Mokdong Hospital (ECT 11-13-43 and ECT 13-24B-21). The study was conducted in accordance with clinical best practices (national regulations and ICH E6) and the principles of the Helsinki Declaration. Written informed consent was obtained from all participants following a detailed explanation of the study.
Results
Following vaccination, all subjects showed significant increases in the GMI for 6B, as well as for 6A, 6C, and 6D (Table 2) . Young adults exhibited significantly higher postimmunization GMI for 6A, 6C, and 6D compared with the elderly. Geometric mean fold increase (GMFI; ratio of post-to preimmunization OI) significantly differed among the 4 serotypes overall and within each age group (Table 2) . When considering all subjects, the GMFI for 6A was higher than for 6B, but not significantly so (P = 0.82), whereas GMFIs for 6C and 6D were significantly lower. When subjects were divided by age, the GMFI in young adults were significantly higher for 6A than for 6B, but significantly lower for 6C and 6D. In contrast, the GMFIs of the elderly group did not significantly differ for the most part, except between 6B and 6C. When comparing between age groups, the elderly exhibited significantly lower GMFI for 6A and significantly higher GMFI for 6D compared with the young adults.
The percentages of ≥4-fold increases to OI induced by 6B versus 6A did not significantly differ when considering all subjects (Table 2) . However, OIs for 6C and 6D were significantly lower than for 6B. Young adults exhibited similar patterns, but among the elderly, only 6C resulted in significantly lower percentages of OI increases compared with the other serotypes. When comparing the young adults with the elderly, significantly lower percentages of subjects in the latter age group exhibited ≥4-fold OI increases for serotypes 6A and 6B.
After immunization, nearly every individual had an OI ≥ 8 and most had an OI ≥ 64 for all 4 serotypes. The proportion of subjects with OIs ≥ 64 was lowest in 6C (Table 2 ). Young and old adults did not majorly differ in the proportion of individuals with OI ≥ 8. However, at the higher threshold of OI ≥ 64, the elderly group exhibited lower seropositive rates for 6C than did the young adults. In addition, the mean fold increase between 6B and the other 3 serotypes were linearly correlated (Fig. 1) , with the strongest relationship between serotypes 6B and 6A (r 2 = 0.76), followed by 6B and 6D. However, the correlation between 6B and 6C was relatively weak. Finally, the RCDC plots for each serotype-specific OI shifted to the right and exhibited larger area under curve (AUC) compared with prevaccination OIs in both groups for all 4 serotypes (Fig. 2) . However, postimmunization plots for serotypes 6C and 6D in the elderly were further left than even the preimmunization plots in young adults. The pre-and postimmunization changes in AUC were also much greater for young adults than for the elderly in 6A and 6B, but similar age group differences were not visible in 6C and 6D.
Discussion
In this study, we found that serotype 6B from PPSV23 elicits cross-functional immune responses against serotypes 6A, 6C, and 6D, but to a different extent among young adults compared with the elderly.
Overall, cross-reactivity against 6A after PPSV23 immunization, as measured by OI increases, indicated that 6A and 6B did not significantly differ in their induced immune response. These results are unsurprising due to the structural similarity between 6A and 6B, meaning cross-functional antibodies against 6A can be induced by the capsular polysaccharide antigen of 6B. Our results are thus consistent with previous studies [20] [21] [22] [23] that support the use of 6B in PPSV23 to replace 6A in PPSV14. [20] In contrast, cross-functional immune responses after PPSV23 immunization were significantly lower against 6C than against 6A. This outcome is attributable to the greater structural differences between 6C and the other 2 serotypes: 6C differs from both 6B and 6A in the rhamnose-ribitol linkage of the capsular polysaccharide repeating unit. Moreover, hydroxyl groups of the glucose subunits constituting the capsular polysaccharide vary in location between 6C and 6B. [6] A previous study examining PPSV23-induced immune responses in adults supports our finding that the 6B-containing vaccine elicits significant increases in cross-opsonic antibodies to 6A, but not to 6C. [17] Although the formulation of PCV7 differs from PPSV23, cross-reactivity induced by 6B in PCV7 has been studied in children since the serotype's discovery. [17, 24, 25] These works hint at the structural dissimilarity between 6A and 6C by showing high levels of 6A but not 6C functional activity after PCV7 immunization. Moreover, an analysis of pneumococcal serotypes in the United States after PCV7 introduction demonstrated that 6A declined, while 6C did not; thus, low cross-reactivity was reflected in the actual occurrence of invasive pneumococcal diseases. [17] Our results also revealed that PPSV23-induced cross-functional immune responses were significantly lower against 6D than against 6A. In addition, more cross-functional antibodies were induced against 6D than against 6C. Relatively few studies are available on cross-reactivity against 6D due to the serotype's novel status; in fact, our study is the first to examine crossfunctional immune response against 6D induced by 6B in PPSV23. Our results nonetheless find some corroboration with previous work; 1 study conducted on children in 2013 showed that 6B in PCV7 induced 6D cross-functional antibodies at levels similar to 6A antibodies. [24] While we observed variation in cross-functional immunogenicity among serogroup 6 serotypes, most subjects exhibited high rates of OI ≥ 8 or OI≥ 64 for all serotypes postvaccination. In a recent study examining pneumococcal serotype prevalence post-PPSV23 introduction, 6A, 6C, and 6D were among the 10 most commonly found serotypes in adults aged over 65 years, with 6D exhibiting the highest frequency. [26] In light of these findings, it is difficult to explain the high seropositive rates we observed in our elderly subjects. Currently, no known protective OI threshold exists for adults and the elderly. The only standard is an OI of 8, confirmed as the protective OI standard for invasive pneumococcal infection among children. Therefore, more research should be conducted to investigate whether the standards for pneumococcal infection used here (i.e., OIs of 8 and 64) are appropriate for adults, including older populations. [27, 28] We note that a previous work had used the seropositive rate standard of 64 for some serotypes. [19] In addition, because the required OI for protective immunity against serogroup 6 could be higher in the elderly than against other serotypes or for other age groups, the actual seropositive rates might actually be even lower than what we have reported. Therefore, further analysis is required once we Kim et 
www.md-journal.com Table 2 GMIs, geometric mean fold increases, and proportion of subjects with 4-fold or greater increase in OI before and after immunization with PPSV23. Differences between serotype 6B and other serotypes.
x Seropositive rate was defined as the proportion of subjects who had opsonic index ≥8 or ≥64 after immunization.
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have established more appropriate protective OI standards, reflective of data from epidemiological studies on serogroup 6 in the elderly. We observed significant age-related differences in crossreactive immune responses induced by serotype 6B from PPSV23. First, postimmunization GMI and OI increases for 6A were all significantly higher among young adults than among the elderly. The results for 6C were less dramatic, with postimmunization GMI being higher in young adults, but no age group difference for OI increases. In contrast, cross-reactive immune response for 6D was higher in the elderly than in young adults. Previous research has shown that PPSV23-induced immune response is lower among the elderly than among younger adults, due to the induction of antibodies with low avidity and reduced Immunoglobul in M production. [29] [30] [31] Nevertheless, in the present study, we observed no age-related difference in vaccine responses against serotypes 6C and 6D. In summary, cross-reactive immune responses induced by 6B in PPSV23 were lower for all serotypes among the elderly compared with young adults, while crossreactive immune response against 6D was higher than the response against 6C in both groups.
In closing, we note several limitations of the present study. First, we only obtained participant immunization history for the pneumococcal vaccine. We thus have no direct knowledge of other vaccines (e.g., for influenza) that may affect our results. However, most elderly patients in this study probably received www.md-journal.com influenza vaccine, because both it and pneumococcal vaccine are included in the national immunization program of Korea. We recognize that a history of influenza strongly contributes to the development of severe pneumococcal infection, especially pneumococcal pneumonia. [32, 33] Therefore, prior influenza immunization could potentially affect the efficacy of the pneumococcal vaccine. However, we believe this lack does not greatly affect the conclusions we could draw from our results, because we focused on the immunogenicity of pneumococcal vaccine, rather than its effectiveness. Previous research has demonstrated that earlier or concomitant influenza immunization does not affect pneumococcal vaccine immunogenicity. [34, 35] Other limitations included small sample size, especially for the young adults, and the different experimental timing for each age group. Although the study was designed to be prospective, the time lag in data collection between cohorts occurred due to funding limitations. Separately funded projects targeting each age group also resulted in the use of PPSV23 from different manufacturers, but the vaccines were identical beyond their supplier. Nonetheless, it remains possible, though unlikely, that the distinct vaccine source for each population may have biased our results. Moreover, this study is based on the immune response to PPSV23, and PCV13 has been recommended for the elderly population, instead. [36, 37] Therefore, we propose further studies to test other vaccine formulations in different population or ethnic groups.
To conclude, serotype 6B in PPSV23 induced differing crossfunctional immune responses against 6A, 6C, and 6D, as expected given their differences in capsular polysaccharide structures. Furthermore, we demonstrated that young adults and the elderly differed in PPSV23-induced immune response and cross-reactivity. Although further clarification of protective OIs is recommended for all studied serotypes in adults, this study should prove to be pivotal for research in crossfunctional immune response to pneumococcal polysaccharide vaccine.
